In this work, the individual and combined effects of the extractant, surfactant and modifier concentrations on the droplet coalescence time of the primary emulsion in the liquid surfactant membrane extraction process were evaluated, through emulsification experiments. Adogen 464 was used as extractant (carrier), and Escaid 110, as diluent. Two systems were studied. The first one composed by the extractant, the surfactant and the diluent, and the second one composed by the same reagents, but with the addition of 1-decanol as modifier. It was observed that, when the modifier is not present in the membrane phase, the surfactant not only stabilizes the primary emulsion, but, apparently, it also plays a role similar to that of the alcohol, promoting the solvation of the amine in a low polarity diluent. Furthermore, the extractant, a quaternary amine, helps to stabilize the primary emulsion in systems without a modifier. For membrane phases consisting of 1 or 5% w/w of Adogen 464 and 2% or 5% w/w of ECA 4360, a concentration of 3% w/w of 1-decanol was sufficient to promote the solvation of Adogen 464 in Escaid 110 and to obtain a low droplet coalescence time.
Introduction
Separation by liquid surfactant membranes (LSM) has attracted considerable interest since its development by N. N. Li [1] due to its great potential application in industrial separation processes. LSM are an effective method for the selective separation and concentration of various species from different solutions, even in high dilution conditions. LSM are applied in metallic ions extraction, as copper [2] and gadolinium [3] , nuclear materials like uranium [4] , weak acids as citric acid [5] , and in the treatment of liquid effluents, as in the removal of phenol [6] .
The formation of these membranes is based on the theory of multiple emulsions. There are two possible phase configurations for the LSM system: aqueous/organic/aqueous (W/O/W) or organic/aqueous/organic (O/W/O). Independently of the configuration, the three phases are: receiving or internal or inner phase (IP), which receives the solute extracted from the external phase; membrane phase (MP), which is responsible for the selective permeation of the solute from the feed phase to the inner phase, and donor or outer phase, also called feed or external phase (EP), which contains the desired solute.
The LSM process basically consists of four steps: emulsification, permeation, settling, and deemulsification [7] [8] [9] .
In the emulsification step, the primary emulsion is formed by the dispersion of the IP in the continuous MP, under intense stirring. In the permeation step, the primary emulsion is dispersed in the EP under mild stirring, forming a multiple emulsion. In this step, the solute is extracted from the EP to the MP and stripped to the IP as well. In the next step, the solute-enriched primary emulsion is separated from the exhausted EP by settling. Finally, in the deemulsification step, the primary emulsion is broken up, resulting in the separation of the IP enriched with the solute of interest from the MP.
In emulsion separation processes, such as the LSM, knowing the formation, stability, and break-up phenomena is extremely important. The conditions to obtain an emulsion depend on the facility of dispersing one liquid in the other.
As the interfacial tension between two immiscible liquids is always larger than zero, the formation of emulsions greatly increases the surface area between the liquids, resulting in a corresponding increase in the system free interfacial energy. The emulsion obtained is therefore thermodynamically unstable and the dispersed droplets tend to coalesce to reduce their free energy. To increase the stability of the LSM system, a tensoactive agent, called a surfactant or emulsifier, is added to the MP to reduce the interfacial tension between the liquids and the dispersed phase coalescence rate through the formation of a steric barrier around them [10] [11] . Thus, the MP is composed by the surfactant and by the solvent responsible for the extraction of the solute.
In the present work, polyamine ECA 4360 was used as a tensoactive reagent and the solvent was composed of quaternary amine Adogen 464 (methyltrialkylammonium chloride) solvated in an aliphatic diluent (a kerosene), Escaid 110. As quaternary amines are generally little soluble in aliphatic diluents [12] , the im- 
Experimental Procedure
The discontinuous emulsification tests were conducted, considering the system composition defined for the separation of phenylalanine from synthetic solutions in a further study. The MP was prepared using Adogen 464, ECA 4360, and
Escaid 110 in the concentrations presented in Table 1 . In another set of experiments, 1-decanol was used as a modifier. The IP was a KCl solution (2 mol·L The investigated and the fixed parameters, as well as the operating levels carried out, are presented in Table 1 . The tests were conducted using the one-factor-at-a-time approach. To evaluate the individual and combined effects of the extractant, surfactant, and modifier concentrations in the emulsification step, the coalescence time of the IP droplets was measured. It is important to point that the primary emulsions should be sufficiently stable during the extraction process by liquid surfactant membranes, but they should present low droplet coalescence time in the electrostatic coalescer to facilitate the inner phase recovery. of additives which are soluble in both the extractant and the diluent, in order to modify their mutual solubility. Substances that present a large hydrocarbon portion, such as long-chain alcohols, are widely used for this purpose and act as a modifier [12] [14] . In this work, 1-decanol was used as a modifier. It is shown, by the curves for the system without alcohol, presented in Figure  2 , that the increase in the extractant concentration results in longer coalescence times. Adogen 464 slightly increases the MP viscosity and probably also acts as a tensoactive agent, in synergy with surfactant ECA 4360, further increasing the system stability, and consequently the droplet coalescence time. This behavior highlights the importance of adding the modifier because in the extraction systems it is necessary that the extractant-solute complex leaves the interface and migrates into the membrane phase.
Results and Discussion
By analyzing the behavior of membranes without alcohol as a function of the surfactant concentration it is observed that the higher the concentration of ECA 4360, the shorter the coalescence time, which is a non-expected result. This effect was more pronounced up to approximately 5% w/w Adogen 464. Above such concentration, the coalescence times became closer. These results can be understood considering a similar effect described for alcohol in the literature [12] [14] . Since the surfactant is an amphiphilic molecule, as it is alcohol, it may increase the mutual solubility of the extractant and the diluent, even though it is not used in the system with this purpose. Therefore, the surfactant would leave the interface together with the extractant, thus decreasing the droplet coalescence time. However, for extractant concentrations higher than approximately 5% w/w, the surfactant concentration becomes insufficient to improve the solvation of the extractant in the diluent, leading to an increased extractant concentration at the interface and, as a consequence, the effect of the surfactant con- 1% ECA 4360; 0% 1-Decanol 1% ECA 4360; 5% 1-Decanol 5% ECA 4360; 0% 1-Decanol 5% ECA 4360; 5% 1-Decanol centration on the coalescence time becomes less pronounced. A distinct effect was observed in the curves obtained at 1% and 5% of ECA 4360 with 5% of 1-decanol. As expected, the presence of the modifier improved the mutual solubility of the extractant and the diluent. Then, the droplet coalescence time was higher for the highest surfactant concentration because the emulsifier remained available to stabilize the membrane.
When comparing the results of membrane phases without alcohol and with 5% of 1-decanol, it is observed a decrease in the droplet coalescence time with the use of this reagent, because there is probably a smaller amount of extractant at the W/O interface due to the action of alcohol.
The variation of the droplet coalescence time as a function of the surfactant concentration for different extractant and modifier concentrations is shown in Figure 3 .
As seen before, the droplet coalescence time decreased with the increase of the surfactant concentration in alcohol-free membranes. As previously proposed, the decrease in the membrane stability might be associated with the amphiphilic character of the surfactant, producing a similar, though less intense, effect than that of the alcohol (modifier), an improvement in the mutual solubility of the extractant and the diluent. In tests without the addition of alcohol, it was also observed that for the same amount of surfactant, the emulsion was more stable for the higher extractant concentrations. In this case, a higher extractant con- These pairs also reveal that this behavior just becomes expressive at higher concentrations of extractant, as observed in the 5% Adogen 464 curves. Under these conditions, the surfactant may be acting in a way similar to the modifier, as 
Conclusions
The emulsification tests conducted in order to evaluate the effect of the membrane phase composition on the stability of emulsions for the system studied have shown that it is necessary to use a modifier in order to improve the extractant solvation in the diluent because of the low solubility of quaternary ammonium salts in low polarity diluents. 
